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Results of a limited study on the measurement of

the instantaneous incremental shroud pressure on a ducted

propeller by means of a pieoelectric transducer are given.

The instrimentation is described and photographs of the

observed, pressure pattern presented. The feasibility of

such measurements, the reproducibility and quality of the

signal, and the magnitude and decay of the higher harmonics

over a range of advance ratios are examined. R eonmations

for fture tests are Outlined.
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f E2 "*" blade harmonic frequency*
II/Ir . 2/ir . ... # cps

J propeller advance ratio, U/ftp

p static pressure, lb/ft 2

Ap Incr satal Sbroad static pressuro
,lb/f 7 "

q dynamic pressure, Ib/ft 2

R propeller radius, ft

U tunnel test section velocity, ft/ec

Qpropeller agular velocity, red/see

v



A FEASIBILITY STUDY ON THE NASUREMENT
OF THR TIM-DU IWT

SHROUD PRAB8U1B OF A DUCYlD PROPLLR

Over the past two and a half years a three-dimensional

theoryI for a finite-bladed ducted propeller operating in

axial flow has been developed. Primary emphasis ' 3 has

been placed upon the mean, or zeroth harmonic, solution,

but this does not mean that the higher harmonics are un-

important. They could play an influential role in the

study of the problems of noise generation, structural

vibration, and possible unsteady boundary layer phenomena.

Accordingly, it is felt that appropriate experiments can

provide valuable insight as to possible predominant behavior

of certain harmonics in addition to estimates of the magnitude

of their effects.

This report contains the results of a preliminary study

on the measurement of the time-dependent shroud pressure.

Prior to the present test, a detailed literature search

revealed that no previous studies of the time-dependent

shroud pressure on ducted propellers had been undertaken

although several investigators have measured the chordwise

variation in static pressure on the shroud4-7 . The time-

dependent pressure field of a free propeller has received

1
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somewhat more attention8 "15 , principally from hydrodynamicists.

Very little was known a priori regarding preferable

instrumentation to be used to record the incremental pressure

pattern. The basic limitation imposed upon the pressure

transducer was one of size. The transducer and output lead

had to be mounted completely in the shroud of the test model,

the maximum length available being approximately 1 - 14 in.

for typical maximum shroud model thicknesses. In addition,

the transducer had to have a linear response up to several

kilocycles and a high signal sensitivity in the low pressure

range. A thorough study of available pressure gauges was

made and it was decided that one with a piezoelectric sensing

element best fulfilled these requirements.

The specific items to be studied were: (i) feasibility

of recording the time-dependent shroud pressures with a

piezoelectric gauge, (ii) if feasible, the reproducibility

and quality of the data, and (iii) qualitative measurement

of the magnitude and decay of the harmonic content. Chapter

One contains a description of the test facilities, ducted

propeller model, instrumentation, and test procedure.

Chapter Two presents the test results in the form of photo-

graphs of the observed pressure patterns. Data reproducibility

and quality are investigated and the results of the harmonic

analysis presented. In addition, the presence of spurious

signals is examined briefly. Finally, conclusions and

recoamendations for future measurements are given.



CHAPTR ONE

TST PBPARATIOS

1.1 General Considerations

As previously stated, the primary purpose of this test

was the determination of data recording and interpretation

problems associated with the particular instrumentation

selected to measure the time-dependent shroud pressure.

On this basis, the use of a readily available test model

was dictated and the variation of aerodynamic and geometric

parameters kept to a minimum.

1.2 Facilities

The tests were carried out in the south wind tunnel

of the Subsonic Aerodynamics Laboratory of the David Taylor

Model Basin. The test section of this tunnel is 8 ft by

10 ft in cross section and 14 ft long. Further details

regarding the test facilities may be found in Ref. 16.

1.3 M

The model employed was a modified version of the Hiller

Aircraft high-speed configuration D1 P2 S which had been

used in previous ducted propeller experimental investigations1 7 .

The Hiller model originally was equipped with contra-rotating

propellersy however, the rear propeller was removed for this

3
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test in order to provide a closer correlation between the

test and theoretical model. The test model, mounted in the

wind tunnel, is shown in Fig. 1.1. The geometry for the

shroud is given in Table 1.1, and that for the propeller

in Table 1.2.

The model was powered by a variable-frequency, water-

cooled electric motor rated at 75 hp at 12,000 rpm. The

support system is shown in Fig. 1.1. The shroud inner

surface at the propeller plane was painted with a conducting

paint to detect any evidence of propeller-shroud fouling for

shut-down.

1.4 Instrmentation

The time-dependent pressure was measured by an Atlantic

Research Corporation Model LC-60 piezoelectric transducer.

The sensing element, a lead zirconate crystal, is relatively

temperature insensitive, has a high output sensitivity and

a linear frequency response up to several kilocycles. The

transducer, see Fig. 1.2, is 0.50 in. in diameter and 0.58

in. long and was located at the 30% chord position at the

top of the shroud.

The transducer output was fed through approximately

34 ft of Microdot "Mininoise" cable to a decade preamplifier

which increased the signal level by a factor of 10. The

preamplifier output was fed to channel B of a dual channel

oscilloscope and the trace photographed. Actually, several



FIGUR~E 1.1

TEST MODEL

MODIFIED) HILLER CONFIGURATION D P ~S
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TABLE 1.1

SHROUD CUTIO ML GDONSfY

Ordinate, in.

Chord, in. upper Ii wer

0 0 0

0.15 0.396 -o.182

0.30 0.518 -0.250

0.60 0.692 -0.311

0.90 0.806 -0.331

1.20 o.886 -0.329

1.80 0.970 -0.293

2.40 0.970 -0.251

3.00 0.910 -0.209

3.60 o.806 -o.167

4.20 o.664 -0.126

4.8o 0.485 -o.o84

5.40 0.272 -0.021

6.00 0 0

Section .................. Modified NACA 6421

Inner Radius at Propeller Plane .... 1.001 ft

Maximum Thickness .... 1.263 in. at 30% Chord

Incidence of Chordline ................... 4'
to Propeller Axis
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TABL3 1.2

Station, %Rp Chord, in. Twist, •

20 1.54 35.4

30 1.46 21.2

40 1.37 14.1

50 1.29 9.9

60 1.20 7.1

70 1.11 5.0

80 1.03 3.5

90 0.94 2.3

t0 o.86 1.4

section .......... mIU-6 of 12% Thiclkness Ratio

Tip Radius .......... ........ 0.997 ft

Hub Diameter .. ............ . . 0.333 ft

Propeller Pla.o ............ 60.5% Shroud Chord
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FIGURE 1.2

PIEZOELECTRIC PRESSURE TRANSDUCER

traces were superimposed in each photograph because facilities

were unavailable to record a single trace. Voltage sensitivity

of the transducer calibrated over the range 0 - 1.0 psi was

linear at 0.091 volts/psi at the oscilloscope.

The local static pressure at the same chordwise station

and diametrically opposite from the pressure transducer was

measured in conventional fashion; the orifice and connecting

tube can be seen at the bottom of the shroud in Fig. 1.1.

A small Miniatron impulse generator was fitted in the

shroud at the propeller plane, 90.20 from the transducer, to

determine the instantaneous angular position of the propeller

relative to the pressure transducer. A very fine coating of

iron filings glued to the blade tips activated the generator
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with each blade passage. The output was fed to channel A

of the oscilloscope and simultaneously displayed with the

instantaneous pressure signal.

The harmonic content of the time-dependent pressure

signal was found by feeding the transducer output Lnto a

General Radio wave analyser.

A schematic diagram of the instrumentation connections

is depicted in Fig. 1.3.

Pressure readings on both the inner and outer shroud

surfaces were recorded over a range of advance ratio J ,

defined as the ratio of the tunnel test section velocity U

to the propeller tip velocity ARp , from 0.14 to 0.35 •

The advance ratio was fixed by setting the wind tunnel

dynamic pressure q at a prearranged value and then adjusting

the propeller angular velocity n to give the desired J .

Several runs at identical advance ratios were carried out at

different times of the same day and again on different days

in order to ascertain the reproducibility of the data. One

series of measurements was taken at constant 11 with varying

q ; another at constant q with varying Q . The test

Reynolds number, based on the shroud chord, varied from

0.2 x 106 to 0.4 x 10 6 .

A check was made to determine the magnitude of any

spurious signal. The transducer was sealed off from the
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flow field by ans of a metal disc and the resultant output



CHAPTBR TWO

RNSULT8 OF TM TUSTS

2.1 moral Considerations

The presentation of the main points is best illustrated

by several typical examplesi consequently, the complete

details of individual runs are not given. As noted previ:ously

the advance ratio was the only parameter changed.

2.2 Imstbi&Lti

aThe first objective of the test was to establish the
I fealsibility of recording the tim-dependent shrtoud pressure

using a piezoelectric transducer. Photographs of the in-

cremental pressure Ap on the shroud inner surface taken

at different ties are shown in Fig. 2.1 for an advance

ratio of 0.20 and in Fig. 2.2 for an advance ratio of 0.31.

The photographs on the left show approximately one complete

period of the pressure signal. Those on the right have the

time scale magnified five times. The reference signal is

indicated by the lower trace in each figure and the propeller

position is marked appropriately.

The frequency response of the transducer is satisfactory

for the purposes of the experimentl that is, it follows the

fluctuating signal well. In addition, the sensitivity of

12
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the transducer-cable systm is sufficient so that excessive

preamplification of the input to the oscilloscope is not

required to produce a readily recordable output. Examination

of the records indicates that the propeller angular position

relative to the center of the transducer cam be determined

to within +ko

2.3 Aewroducibility and Quality

At first glance the traces of Figs. 2.1 and 2.2 seem

somewhat incoherent. Further examination, though, reveals

that the more predomLinant features of the pressure signature

for a given advance ratio were satisfactorily reproduced

from trace to trace. For example, the maximum and minimum

peak-to-peak signal magnitudes as seen from the photographs

with the magnified time scale remain relatively consistent.

Also, the basic frequency of the signal in many of the runs

appsars to be twice the rotational frequency as anticipated.

Finally, there is a shift in the position of the relative

signal maximms with respect to the transducer location for

a change in propeller blade loading, see Fig. 2.3. As the

propeller loading increases with increasing advance ratio,

we see that the region of maximum incremental pressure moves

towards the transducer location. This indicates a change

in the relative magnitude of the sine and cosine components

of any harmonic and/or a change in the frequency of the pro-

dominant harmonic.



16

J - 0.20 J - 0.31

FIGURE 2.3

SHIFT IN SIGNAL MAXIMUM WITH ADVANCE RATIO

Due to the fact that several traces, usually five or

six, are superimposed upon one another, further interpretation

of the data in the form shown in rather difficult. However,

with the aid of an enlarged negative of the photographs,

individual pressure patterns may be identified and redrawn.

This was done for run #109-1 of Fig. 2.2 and the patterns

fitted to each other approximately at the maximum and minimum

signal pointsy the result is shown in Fig. 2.4. The quality

of the signal now appears considerably better, and comparison

with a trace taken some minutes later indicates good agree-

ment. The principal discrepancy appears to be the phase

difference between signatures. It varies in a seemingly

random manner from one to nine degrees, or a time equivalent

of 0.2 - 1.9% of the time to travel one shroud chord length.

Explanation of this difference is somewhat difficult.
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Possibly it could be due to factors such as fluctuations

in the tunnel velocity, variations from pure asynetry in

the shroud, or unsteady airfoil phenomena. It does not appear

to be a triggering error since the reference signals are con-

sistently superimposed.

Other minor deviations from the "average" signal pattern

found in Fig. 2.4 suggest that some signal not solely due

to aerodynamic pressure may be present. As indicated in

Section 1.5, one series of test runs was made with the

transducer blocked off from the passing air stream in order

to detect any undesirable signal. The photographs taken

under these conditions revealed a random signal having a

nearly constant magnitude of approximately one-fourth of

the maximum recorded L.' the transducer in its normal position

at identical running conditions. This Is believed to be

due essentially to forces transmitted to the lad zirconate

crystal through its mounting from the vibrating shroud.

Unfortunately, the acceleration sensitivity characteristics

of the transducer when vibrating both parallel and perpendi-

cular to its axis are not known. It is true, however, that

these transducers are quite sensitiveO to accelerations,

especially transverse ones.

In further tests of this nature, we would recommend

that the acceleration sensitivity characteristics of the

individual transducer be determined independently, as well

as the instantaneous shroud acceleration during each test
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run by attaching an accelerometer at the transducer location.

If the observed accelerations are larger than can be tolerated

without introducing significant error, then the transducer

should be shock insulated, may by some type of foam rubber

mounting, or the shroud and propeller support systems

decoupled.

2.4 Harmonic Analysis

From the traces shown in the figures and others taken

in this series, the maximam amplitude incremental pressure

appears to be of the same order of magnitude as the dynamic

pressure based on the tunnel test section velocityl for

example, at J - 0.31, q w 20 lb/ft2 and Ap = 15 lb/ft 2

During a large part of the period the pressure fluctuation

would of course be somewhat less than this and limited

measurements indicate that the time-dependent pressure on

the outer surface is less than that on the inner surface.

Regardless, the magnitude of these incremental pressures

warrants careful consideration of the higher harmonics.

Some results of the harmonic analysis of the fluctuating

pressure signal are given in Table 2.1. The scale reading of

the first harmonic of the blade frequency f1  or Z/7r has

been arbitrarily normalized to unity with successive values

of f2 - 21/lr . ..... adjusted accordingly. in some cases

the readings for a particular harmonic varied with timej

here the range of readings is given. Perhaps this may be
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correlated with the randa, signals associated with shroud

vibrations.

No specific conclusions regarding the variation in

harmonic content with advance ratio may be given. In

contrast to tests on free propllerslle1 2 , the =agnitude of

the second harmonic is groateor than the first and the

subsequent decay of the following harmonics is not as rapid.

Theoretical predictions and further masurements are needed

to verify or disprove this preliminary observation.



CONCLUB O3

The feasibility of using a piezoelectric transducer

to record the time-dependent shroud pressure on a ducted

propeller has been investigated. The results show that,

The technique for the determination of the
instantaneous angular position of the propeller
and the frequency response and sensitivity of
the transducer are satisfactory.

The more predominant features of the pressure
signal are reproducible, but the quality is
somewhat impaired by a spurious signal of
appreciable magnitude. This signal is believed
to be due to accelerations transmitted to the
transducer by the vibrating shroud.

The maximum amplitude of the incremental pressure
is of the same order of magnitude as the dynamic
pressure of the free stream. From preliminary
measurements, the variation of the harmonic
content does not parallel that measured in free
propeller tests.

Further investigations should incorporate certain

improvements in the system as suggested and should include

more detailed analysee of the obeerved phenomena.

22



1. 0:dways D. 3., SlUYter, 4. U., and Sonnerup, 3. 0. U.1
V"e-DIMUesOnal Theory Of DUCte4?ro09ellers, TIRM,
Incorporated# TAR-TR 602, August 19b0.

2. Ordway, D. 3., and Greenberg., .. L
ormlr, T *M Incorporatd

To be puisI-OP

4e. mohne . v. 0 .,*e r~jm-ngtgtoe
hrou and Cent Pressure itr utions of a

mit, Strs Nd Lowu abroad NCrdf University of
Wichita Eungineering Researcfh R prt no. 213-9,
October 1959.

andLan D d Cor* University of Wichita MIgieerla

Researc Report No. 213-10. January 1960.

TM 1202, February 1949.

8. Lews v. K.. PZ!x I~ 3t j YbC~t4I2M* SMU Transactions,
Vol. 4i3 22W 95 pp. v iIJ4, pp. 507-519,
1936.

9. Gutini, L., oun the Agoundkold of a Rotating Prmoller,
MACA TM 1195, October 14U

10. Levis, F. M., and Tacbmindjit A. JoeR" 29.r6

pp.E~l 39-2, 94

23



24

21. Tachmindji, A. J., and Dickerson, N. C., The * -0in o -a't FlUM"~Lon and ree Bple 8Hl:, _

Pressures ~~a ndle DTW eport 117,Jnur

12. Tachmindji, A. J., and Dickerson, ., Cos T uZO-
aen$ of Oscillating Prossurgg In NA Vicinty o Pro-

ers, DTMS Report 1130# April 197.

13. Hubbard, H. H., and Regier, A. A.. Free-ISa Oscillat-
ing Pressures Near the Tiln ot iotatina Propellers,
MACA Report 996, 1950.

14. Garrick, I. B., and Watkins, C. A., A a
Study of the Effect of Vowmr& Sed #% 41- Free-
8oe 8ou"d-essure Field Around Propellers, MACA
Report 1195, 1954.

15. Lewis,. F N.., Vibratory Hydrodynamic Forces on Struts
o, Massachusetts Institute

ofTenoyM R5 -765I June 1960.

16. Brochure of the Aerodynagics Laboratory of the Davi
janor MdelA 3"1&0David Taylor Model Basin, October

17. Gill, w. J., Wid Tune Tests of several Ductd Pr.o-Pellets in Non-AWal Flay, ille2r Aircraft Advanced
Research Division Report ARD-224, April 1959.

18. meornandez# J. Be 8"M W nmr sls n SU


